Located at the 30 kb genomic region between complement factor B and component C4 are four ubiquitously expressed genes RD, SKI2W, DOM3Z and RP1. Besides RP1, the protein products of the other three genes each has highly conserved homologues or related proteins in lower eukaryotes, contains leucine zipper motifs for protein interaction, and plays important roles related to RNA metabolism. RD is a subunit of the negative transcription elongation factor, critical for the regulation of gene expression. It has an RNA recognition motif and 24 copies of Arg-Asp (RD) repeats. Ski2w is a nucleolar and cytoplasmic protein that has a putative RNA helicase domain. Fusion proteins of human Ski2w expressed in insect cells and bacteria have ATPase activity. The cytoplasmic protein of human Ski2w is associated with the polysomes and probably the 40S subunit of ribosomes. Ski2w is probably involved in the regulation of translation and RNA turnover. Dom3z is a nuclear protein whose yeast homologue forms a complex with an exoribonuclease. RP1 (or STK19) is a Ser/Thr nuclear protein kinase. No homologues of RP1 in lower eukaryotes have been discovered. Six polymorphic residues are present in human Ski2w and two in Dom3z. The potential roles of Ski2w and Dom3z on the clearance of degraded nuclear and cytoplasmic RNA raised their possibilities as susceptibility genes of systemic lupus erythematosus that is a disease with flawed processes in the removal of apoptotic materials.
ABSTRACT
Located at the 30 kb genomic region between complement factor B and component C4 are four ubiquitously expressed genes RD, SKI2W, DOM3Z and RP1. Besides RP1, the protein products of the other three genes each has highly conserved homologues or related proteins in lower eukaryotes, contains leucine zipper motifs for protein interaction, and plays important roles related to RNA metabolism. RD is a subunit of the negative transcription elongation factor, critical for the regulation of gene expression. It has an RNA recognition motif and 24 copies of Arg-Asp (RD) repeats. Ski2w is a nucleolar and cytoplasmic protein that has a putative RNA helicase domain. Fusion proteins of human Ski2w expressed in insect cells and bacteria have ATPase activity. The cytoplasmic protein of human Ski2w is associated with the polysomes and probably the 40S subunit of ribosomes. Ski2w is probably involved in the regulation of translation and RNA turnover. Dom3z is a nuclear protein whose yeast homologue forms a complex with an exoribonuclease. RP1 (or STK19) is a Ser/Thr nuclear protein kinase. No homologues of RP1 in lower eukaryotes have been discovered. Six polymorphic residues are present in human Ski2w and two in Dom3z. The potential roles of Ski2w and Dom3z on the clearance of degraded nuclear and cytoplasmic RNA raised their possibilities as susceptibility genes of systemic lupus erythematosus that is a disease with flawed processes in the removal of apoptotic materials.
INTRODUCTION
In October 1999, the complete sequence and gene map of a human major histocompatibility complex (MHC) was reported. This sequence is 3,838,986 bp in size. It contains 224 gene loci, of which 128 are predicted to be expressed (1). Many autoimmune, genetic, malignant and multifactorial disorders are associated with the MHC (2-4). About 60% of the expressed genes in the human MHC have no obvious function related to the immune system. Most of these so-called "non-HLA" genes are located in the class III region.
The MHC complement gene cluster (MCGC, Figure 1 ) is located 115 kb downstream of the NOTCH4 gene, the centromeric outpost of the class III region. The defining feature of the MCGC is the four complement component genes, C2, BF, C4A and C4B, that code for subunit proteins of the complement C3 and C5 convertases. These proteins basically form the engines of the complement system and drive the three activation pathways. C2-BF and C4A-C4B are the results of two gene duplications from different ancestral genes. In both human and mouse, BF and C4 are separated by a ~30 kb genomic region. This region contains a complex of four genes, RD, SKI2W, DOM3Z and RP1.
These four genes are ubiquitously expressed and organized as two head-to-head gene pairs with minimal intergenic regions (1, 5-7). They are involved in the regulation of gene expression or nuclear protein phosphorylation. Characterization of these four genes are of significance because of their intriguing gene organizations, essential cellular functions, and their potential associations with many diseases linked to complement C2 and C4. Here we update our knowledge of these four recently discovered genes.
SRUCTURAL AND GENETIC PROPERTIES OF RD, SKI2W, DOM3Z AND RP1

RD
The RD gene is 6.7 kb in size. It consists of 11 exons and is organized in a tail-to-tail configuration with BF ( Figure 2 ). The intergenic distance between the 3' ends of RD and BF is 205 nucleotides. The RD protein has 380 amino acids and is 46 kDa in size (8) (9) (10) (11) . RD protein contains an RNA recognition motif (RRM) of the ribonucleoprotein family that is also present in poly(A) binding proteins and in nucleolysin (12) (13) (14) . This RRM is present between residues 264-327 and is encoded by exons 8-10. The signature feature of RD, however, is the presence of 24 tandem repeats of positively and negatively charged amino acids Arg-Asp (RD) (8) . This Arg-Asp sequence is encoded by exon 7, which is a symmetric phase 1-1 exon. (A symmetric exon may be acquired during evolution without shifting the gene's reading frame.) Arg-rich tract is another feature of nuclear RNAbinding proteins. This central region with basic-acidic repeating residues is similar to, and more strictly alternating than those seen in the 70 kDa protein of the U1 small nuclear ribonucleoprotein. The structural motifs suggest a possible function related to RNA splicing. However, this postulation was challenged as it was demonstrated that RD is a subunit of the negative elongation factor (NELF), which represses the transcriptional elongation by RNA polymerase II (RNAPII) (15) . The elongation step of transcription is one of the critical processes for regulation of gene expression (16) . During the transition from transcriptional initiation to elongation, the carboxyl terminal domain (CTD) of the RNAPII becomes extensively phosphorylated and remains so for successful completion of transcription. Phosphorylation of the CTD facilitates the release of negative elongation factors NELF and DSIF (17) from RNAPII. RD is the smallest of the 5-polypeptide complex constituting the NELF. RD alone does not suffice for NELF activity, suggesting that other subunits are essential for its function. It is possible that through the RRM and/or the Arg-rich tract, RD binds to RNA; while through the leucine-zipper motif at the Nterminal region, RD interacts with other subunits of the NELF.
The high sequence repetition of RD may predispose the gene to frequent mutations. Indeed, it was reported that in a group of 107 subjects, 3.3% carried 22 or 23 copies of RD dipeptide repeats. However, no difference was found in the frequency of such polymorphism between normal individuals and systemic lupus erythematosus patients (18) .
It is worthwhile to note that in mouse, a targeted disruption of BF resulted in the loss of expression of the downstream RD gene (19) . In the mouse MHC, the 3' ends of BF and RD overlap by 2 bp (20) . It is possible that some of the regulatory sequences for RD gene expression may reside in its neighboring genes BF and SKI2W.
In Drosophila a protein termed Anon (21) has extensive sequence similarity (49-54%) to human RD. However, Anon is 100 amino acids smaller than human RD. It appears that the sequence encoded by exon 7 of the human gene that include the distinct RD sequence is absent in the Drosophila protein, suggesting that the mammalian gene might have gained the RD-feature by acquisition of exon 7. The function of Anon is unknown but insertion of the transposon Pelement to the joint promoter region of Anon and ribosomal protein gene RPL14 led to a "Minute" phenotype (21). 
SKI2W
Only 171 bp away from the 5' end of RD is SKI2W (Figure 2 ). These two genes are arranged in a headto-head configuration. The human SKI2W gene spans 11 kb and contains 28 exons. The 4-kb transcript encodes a polypeptide of 1,246 amino acids. The Ski2w protein is a putative RNA helicase with a DEVH-box. For many helicases, hydrolysis of ATP is required as an energy source to unwind helical structures of nucleic acids (22). Indeed, ATPase/GTPase activity was demonstrated from human Ski2w fusion proteins produced in bacteria and in insect cells (23) . The putative helicase activity in human Ski2w, however, has not been shown.
The human Ski2w contains two consecutive leucine zipper motifs that might be involved in protein-protein interaction. There is also an RGD motif that could be a ligand for cell adhesion molecules. The human Ski2w protein shares a striking and extensive sequence similarity with the yeast antiviral protein Ski2p. The yeast ski2 mutants manifest a superkilling phenotype by RNA viruses that is characterized by increased copy number of the viruses and inability of the yeast to proliferate at a temperature below 8 (27) . Ski6p is one of the exoribonucleases of the RNA turnover complex termed the exosome (28) . Shortening of poly(A) and decapping of mRNA are important processes for the degradation of cellular RNAs. Therefore, it appears that the yeast Ski proteins are involved in a pathway of RNA turnover and/or regulation of translation. It will be of interest to determine if the similar pathway is present in humans.
Immunoblot and indirect immunofluorescence experiments of HeLa cells using polyclonal antisera showed that the endogenous human Ski2w is approximately 140 kDa in size and present in the nucleolus and in the cytoplasm. This result is confirmed by transient expression experiments of CHO cell transfectants of human Ski2w fusion protein tagged with an epitope recognizable by a commercial monoclonal antibody. Ribosomal profile experiments coupled with immunoblot analysis further revealed that in the cytoplasm of HeLa cell extracts, Ski2w is associated with polysomes and probably the 40S subunit of ribosomes. The association of human Ski2w with ribosomes is not mRNA dependent because it is not abrogated by RNase A treatment. Since this association is not disrupted by 0.5M KCl treatment, it is suggested that Ski2w has a high affinity to the ribosomes. In essence, Ski2w is present at the machinery of protein synthesis and ribosome biogenesis, suggesting that human Ski2w shares similar functional properties with its yeast homolog. It is proposed that human Ski2w would play a role in linking the machinery for protein synthesis (i.e. polysomes) and RNA turnover (i.e. exosomes). This would fulfil a crucial step in the temporal control of gene expression, i.e, to facilitate the degradation of mRNAs and to prohibit the degrading/degraded mRNAs from being translated (29) .
Analysis of the derived amino acid sequences from a cDNA and three independent genomic DNA sequences of Ski2w reveals six polymorphic residues in the protein with 1246 amino acids (30, 31) . The polymorphic sites are A5E, R151Q, L214M, V917M, F1052L, A1071V. Among them the first two substitutions are non-conservative changes and might affect the protein function or structure. It is also of interest to point out that these changes are located at regions flanking the helicase domain.
In the mouse MHC class III region, SKI2W is partially duplicated (Figure 1) , which is not observed in the human MCGC (20) , suggesting that the human and mouse MCGC might have undergone independent secondary gene duplication and rearrangement events.
Homologues of Ski2w are probably present in all eukaryotes. An alignment of Ski2w amino acid sequences from Homo sapiens (Hosa), Schizosaccharomyces pombe (Scpo), Saccharomyces cerevisiae (Sace), Caenorhabditis elegans (Cael) and Arabidopsis thaliana (Arth) revealed that the most conserved sequences are located around the putative RNA helicase domains and at the carboxyl termini (Figure 3 ).
DOM3Z
Downstream of SKI2W is DOM3Z. These two genes are arranged in tail-to-tail configuration and the intergenic region between them is only 59 bp (Figure 2) . The full-length DOM3Z cDNA is 1386 bp in size and consists of 7 exons (30) . The 5' RACE results and sequence analyses revealed that DOM3Z transcripts exhibit three groups of splice variants at the 5' region. The reading frames for all transcripts remain identical because of an inframe stop codon (20) . Sequence comparisons revealed that human and mouse DOM3Z have identical gene structures with similar exon and intron sizes. The coding regions of human and mouse DOM3Z cDNAs are 86.6% identical. Like human DOM3Z, the 5' region of the mouse cDNA is heterogeneous with three groups of variants, all of which share the same initiation codon. Therefore, these transcripts encode for an identical protein. However, differences in the 5' untranslated regions of the mRNAs may have variable translational efficiency for the Dom3z protein. The Dom3z protein contains 396 amino acids, of which 11.6% are proline. Close to the amino terminus is a leucine zipper motif that might be involved in protein interaction. Two polymorphic residues have been detected in human Dom3z, which are S28T and H261Q.
The function of human Dom3z is unknown. Similar to Ski2w, related proteins in Schizosaccharomyces pombe (fission yeast), Saccharomyces cerevisiae (baker's yeast), Caenorhabditis elegans (a worm) and Arabidopsis thaliana (a flowering plant) share significant sequence similarities with human Dom3z. It is worthwhile to mention that the sequence similarity of the human Dom3z protein to the related protein in fission yeast (52.4%) is as close as that between the two yeast species (53.3%). The conservation of these proteins implies a fundamental function in many organisms (30) . The yeast homolog of Dom3z, Rai1p, interacts with Rat1p. Rat1p is a nuclear 5' to 3' exoribonuclease required for RNA turnover (32) . Human Dom3z could have a similar function. It is therefore of particular interest to note that the human Dom3z has an E. coli RNase PH signature motif close to its N-terminal region (i.e, kTevAepRNKLpRpApt, from residues 22-39 of Dom3z, conserved amino acid residues in the motif in upper case) (33) . In C. elegans, Dom-3 is located in the same operon together with Mes-3. Mes-3 encodes a maternally supplied product that is required for proliferation of germ cells and for maintenance of viable germ cells that are competent to differentiate into gametes (34) . Dom-3 and Mes-3 show parallel expression patterns and it is suggested that Dom-3 could have related function to Mes-3. In C. elegans mechanisms that repress the production of mRNA appear to be essential to maintain germ cell fate and viability (35) . The predicted role of Dom3z in exoribonuclease function is consistent with this scheme. The higher levels of human DOM3Z transcripts detectable in the testis and ovary (Figure 4) would suggest a possible role in reproduction. 
RP1 (G11/STK19)
Located at the 5' region of the DOM3Z gene is the RP1 gene. DOM3Z and RP1 are arranged in head-tohead configuration (Figure 2) . The RP1 gene contains 7 or 9 exons (20, 36) . The 9-exon RP1 gene codes for 364 amino acids and is 11 kb in size, which overlaps to the 5' region of the DOM3Z gene. The calculated molecular weight for this larger form is 41.5 kDa. The 7-exon gene is 9.1 kb in size that has a 267 bp intergenic distance with DOM3Z. It codes for 254 amino acids. The calculated molecular weight for this smaller form is 30 kDa. The first 110 amino acid residues encoded by the first two exons are absent in the shorter RP1 transcripts (generated from the 7-exon gene). Moreover, these two 5' exons are not conserved in the mouse RP1. Therefore, it is presumed that the 7-exon RP1 gene is the prevalent or "ancestral" form and therefore its numbering of exons and amino acids are adopted, and referred to hereafter.
A splice variant at the 3' end of exon 3 has been described. This splice variant would result in an extension of 4 amino acid residues after amino acid residue 112, CysAsp-Cys-Val (37) . No homologues of RP1 have been found in lower eukaryotes including the yeast, worm and fly (36) . There is a bipartite nuclear localization signal close to the amino terminal of the human protein sequence.
Transient expression of the larger form of the RP1 (with a tag) in monkey kidney cell COS7 showed the localized expression in the nucleus (38) .
RP1 shares limited sequence similarity with the tyrosine kinase transforming protein from Fujinami virus (37) . The human RP1 protein was produced in insect cells via a recombinant baculovirus vector and purified by immunoprecipitation. The recombinant protein could be covalently modified by the reactive ATP analogue 5'pfluorosulfonylbenoyladenosine (FSBA). It could also phosphorylate the serine and threonine residues of α-casein, and serine residues of histone (38) . Site directed mutagenesis of the lysine residues close to the carboxyl terminal region of RP1 either completely abrogated or greatly reduced the kinase activity. Therefore, it was concluded that RP1 is a novel nuclear Ser/Thr protein kinase. The optimal kinase activity was suggested to be at 30 0 C in the presence of 20 mM Mn +2 (38) . However, the physiological substrates and properties of the endogenous RP1 remain to be shown. It is of particular interest to determine if RP1 would interact/cooperate with RD to control the transcription elongation process through phosphorylation of the CTD of RNAPII, and if RP1 would modify the properties of Dom3z or Ski2w in the RNA turnover process.
In humans, RP gene is duplicated in a modular fashion with complement C4, steroid CYP21 and tenascin TNX to form the RCCX module (Figure 1 ). Similar to the human gene, mouse RP is also partially duplicated and RP2 is unlikely to code for a functional protein product. However, the mouse RP1 significantly differs from the human gene in intron 4, where an endogenous retrovirus termed the "imposon" (IMP) is present. This endogenous retrovirus was discovered while the mechanism leading to androgen-dependent expression of the sex-limited protein (Slp) was investigated (39) . The 5' LTRs of the IMP are shown to contain glucocorticoid responsive elements that confer the sex limited expression of SLP in male mice (40, 41) . Whether the LTRs would bestow a differential expression of RP1 and/or DOM3Z in male and female mice has yet to be determined. There is no trace of IMP integration in the partially duplicated gene RP2, suggesting that the RP gene duplication in mouse occurred prior to the integration of IMP to RP1. The IMP is configured in the reverse transcriptional orientation with respect to that of mouse RP1.
COMMON FEATURES OF THE TWO GENE PAIRS
The two tandem gene pairs RD-SKI2W and DOM3Z-RP1 are both organized in head-to-head configurations. While GC dinucleotides are generally under-represented in the mammalian genome, there are numerous copies of GC dinucleotides at the intergenic regions between the RP1/DOM3Z genes and between the RD/SKI2W genes.
Moreover, pulsed field gel electrophoresis of genomic DNA digested with BssH II and Southern blot analysis indicated that the GC sequences at the promoter regions of these gene pairs are probably unmethylated or hypomethylated (30) . Hypomethylation of GC sequences is an indication of active transcription (42) .
Indeed, Northern blot analyses revealed that RD-SKI2W-DOM3Z-RP1 are ubiquitously expressed. All four genes are expressed at significantly higher levels in testis and pancreas (Figure 4) . Relatively lower expression levels are observed in the lung. Detection of multiple transcripts in most tissues is a common feature for the DOM3Z-RP1 gene pair. Instead of the consensus TATA boxes, there are multiple SP1 and AP1 sites for bindings of ubiquitous gene expression factors at the 5' regulatory regions of these two gene pairs. The structural features and ubiquitous expression patterns suggest that these four genes are probably housekeeping genes. These four genes are driven by two sets of bi-directional promoters. Indeed it has been shown that a 262 bp sequence proximal to human SKI2W (DDX13) is sufficient for concurrent expression in both directions in a transient expression assay using chloramphenicol acetyltransferase as a reporter gene (43) .
The very short intergenic distances among these four genes can again reflect the extremely high gene density in the MHC class III region. The very close gene placements would imply the presence of regulatory sequences of a gene in its neighboring genes. Therefore, the disruption of one gene might affect the expression its neighbors. It would be of interest to investigate whether the expression of these four genes are coordinated or controlled by similar trans-acting transcriptional factors. Investigation on the bi-directionality of the 5' regulatory regions for RD-SKI2W, and for DOM3Z-RP1 would yield relevant information on the control of expression of these genes.
The protein sequences for RD, Ski2w and Dom3z all contain leucine zipper motifs involved in protein interactions. The tight linkage of RD, SKI2W, DOM3Z and RP, the ubiquitous gene expression patterns imply that these proteins may have concerted functions. For example, i t appears that Dom3z and Ski2w both would play critical roles in RNA turnover. It is plausible that Ski2w is involved in a cytoplasmic exoribonuclease pathway (29) , while Dom3z is involved in a nuclear exoribonuclease pathway. It cannot be overemphasized that RNA turnover is one of the most important processes to achieve the regulation of gene expression.
THE POTENTIAL ASSOCIATION WITH AUTOIMMUNE DISEASE
It has been inferred that systemic lupus erythematosus (SLE) susceptibility genes may be present in linkage disequilibrium with HLA class II or complement C4 genes (44, 45) .
Defects in the physiological mechanisms for the removal of dying cells may promote the disease susceptibility to SLE (46) . In keeping with this theory, it has been shown that ablation of the DNase I gene in mouse results in the development of anti-chromatin autoimmunity and glomerulonephritis (47). This is particularly illuminating because increased liberation or disturbed clearance of DNA-protein and ribonucleoprotein complexes after cell-death may initiate and propagate lupus (48, 49) . The novel genes SKI2W and DOM3Z located at the MCGC are particularly attractive candidate genes not only because of their physical location but also of their basic cellular functions related to the degradation of RNA in the nucleus and in the cytoplasm. These two proteins could have a role on the clearance of materials from the apoptotic and necrotic cells similar to the DNase I (46, 47) . Interestingly, Ski2w, Dom3z and DNase I are all highly expressed in the pancreas.
CONCLUSION AND PERSPECTIVE
Sequencing data and structural characterizations have yielded clues for functional and genetic studies of novel genes. In depth biochemical characterizations of RD, Ski2w, Dom3z and RP proteins, determination of the gene expression patterns in healthy and in disease stages, mutational analysis of these genes in normal individuals and in MHC-associated disease patients, temporal or spatial knockout of these proteins in model organisms and in cell lines, will help elucidating the physiological roles of these and many other novel genes discovered by the Genome Projects. 
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